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Abstract 
 
 Significant advancements in technology and the use of low power sensors in both 
commercial and industrial applications have made it essential to develop wireless solutions for 
low power devices. Once such solution, which has generated attention in university and R&D 
environments, is radio frequency (RF) energy harvesting. RF energy harvesting seeks to capture 
ambient RF energy by means of an antenna and convert this energy to useable DC power. The 
presence of ambient RF energy in the environment is a result of numerous high-frequency 
technologies including Wi-Fi, cell phones, microwave ovens, and radio broadcasting, as well as 
many others. The intention of this thesis is to design the processing circuitry necessary to convert 
a received RF signal into useable DC power, with the ability to charge a Lithium-Ion battery. 
The design presented here was performed to process an RF energy signal received from an 
antenna that targets both the 2.4GHz and 5GHz Wi-Fi bands. The final design consists of two 
bandpass filters (one for each Wi-FI band) two two-stage voltage doubler circuits (one for each 
Wi-Fi band), and a boost converter that is designed to achieve an output voltage of 3.2V in order 
to charge a Lithium-Ion battery. Testing of the RF energy harvester in an environment with 
ambient 2.4GHz Wi-Fi signals and a 470µF capacitor connected at the output demonstrates the 
circuit’s ability to harvest a measureable amount of energy. While the maximum measured 
voltage of 50mV does not meet the design specification of 3.2V, the circuit demonstrates proof-
of-concept. Additional design improvements are necessary to make it a viable solution for 
charging a battery.  
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1. INTRODUCTION 
1.1 Problem: Dependable Power Source for Low Power Applications 
In recent years, advancements in technology have made it increasingly important to 
develop dependable wireless power solutions for low power devices. Although developments in 
battery technology have increased reliability, the limited lifetime of batteries results in the 
necessity for monitoring and replacement. In order to resolve the issues associated with using 
batteries as a power supply, it is necessary to develop a compact, low-cost system with the ability 
to recharge batteries from a wireless source of energy. Similar systems are also applicable for 
devices with low power requirements that could be directly powered by an energy harvester.  
1.2 Thesis Statement 
Radio frequency (RF) energy harvesting is a growing topic of research in university and 
R&D environments. RF energy harvesting circuits seek to capture ambient RF energy by means 
of a receiving antenna, which is then converted to useable DC power. This research seeks to 
develop the processing circuitry necessary to convert an RF signal received from an antenna into 
useable power capable of charging a Lithium-Ion battery. Processing the RF signal will be 
accomplished by developing the circuitry necessary to filter the incoming RF signal, convert it to 
DC, and then boost the voltage to the level necessary for charging a Lithium-Ion battery. The DC 
voltage must then be regulated to ensure that it is within the acceptable charging characteristics 
of the selected battery.  
1.3 Approach 
Designing circuitry for processing a low power RF signal presents many unique 
challenges. With an input power in the milliwatt to microwatt range, a low loss design is of 
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utmost importance. Furthermore, working with high-frequency designs, parasitic inductance 
resulting from copper traces must be managed to avoid unwanted effects on performance. This 
high frequency input also has significant implications on component selection. The first step in 
processing the input RF signal from the antenna is to filter out the unwanted resonant frequencies 
that the antenna is receiving. The signal must then be rectified and boosted to a useable DC level. 
This DC level must be regulated to meet the charging specifications of the Lithium-Ion battery. 
Design of the processing circuitry must first be performed by means of calculation and 
simulation. The system must then be constructed on a printed circuit board and tested to evaluate 
its performance.  
1.4  Potential Impact 
Successful development of an RF energy harvesting circuit for the purpose of charging a 
battery could increase the effective lifetime of a battery. The design could also be easily adapted 
to provide a direct input for low power applications. Both designs would be invaluable for 
consumer and industrial applications. In addition, current energy harvesting technologies being 
used for low-power applications, such as solar, experience periods of blackout when no energy 
can be harvested. This results in the need for a large storage source, or an alternate source of 
power, that can be utilized during blackout periods. Utilizing a source of energy that is available 
at all times, such as RF, can eliminate this necessity of having large storage devices for 
applications that use energy to directly feed a low-power device. 
1.5  Organization of Thesis 
This thesis is organized in seven chapters. The first chapter is an introduction section that 
outlines the problem as well as introducing the research covered in this thesis. The second 
chapter covers background information as well as some existing research in RF energy 
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harvesting that was used as a starting point for the design outlined in this work. The third chapter 
develops the theory necessary to understand the circuit design required to harvest ambient RF 
energy. The fourth chapter covers the design of the processing circuitry and the design of the 
PCB. The fifth chapter covers the testing of the RF energy harvester, and the sixth chapter 
discusses the results obtained from testing and evaluates the performance of the RF energy 
harvester. The final chapter discusses the conclusions drawn from this research as well offers 
suggestions for improvements that can be made to the processing circuitry that would result in a 
more efficient design.  
 
2. BACKGROUND 
2.1  Radio Frequency Signals 
 Ambient radio frequency (RF) energy is abundant in urban environments as a result of 
numerous high-frequency technologies. The radio frequency band encompasses signals from 
3kHz to 300GHz, and is used for many applications including the following: Wi-Fi, radio 
broadcasting, television, radio-frequency identification (RFID) tags, and cell phones. Specific 
frequency bands used for these applications include: AM radio (535-1705kHz), FM radio (88-
108MHz), microwave ovens (2.45GHz) and Wi-Fi (2.41-2.46GHz, 5.18-5.82GHz). [1,2] 
Unfortunately, the low power density of this ambient RF energy makes harvesting a useable 
amount of energy a demanding task, which requires careful analysis and design of both the 
antenna and processing circuitry. 
2.2  RFID Tags   
 Radio-frequency identification (RFID) is a method used to read and track numerous 
consumer and industrial items, and is a very basic example of RF energy harvesting from a 
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directed source. In an RFID system, miniature IC tags, with a memory that contains the 
electronic product code (EPC) of the item, are attached to an antenna that is often built into a 
label or security tag. A network connected device known as an RFID reader sends power to the 
tag, which is collected by the antenna and utilized to turn the chip on. The reader can then collect 
data from, or send data to, the tag. The reader is essentially an interface between the RFID tags 
and a software system that uses the information provided by the item’s EPC to perform 
inventorying, filtering, and many additional functions.  [17]   
2.3    Existing RF Energy Harvesting Research 
RF energy harvesting is a prevalent research topic in university and R&D environments. 
With the large range of ambient RF frequencies, the majority of circuit designs target a single 
frequency band, as this results in a more feasible antenna design. The antenna designed in [3] 
targets the GSM-900 band, where GSM is the Global System for Mobile Communications, and 
900 specifies the 900MHz band. Selection of the 900MHz band capitalizes on the widespread 
use of this band, which results in potentially higher levels of ambient RF energy that can be 
captured. An E-shaped patch antenna was designed to target this band. The design in [4] targets a 
frequency of 915MHz, which resides in the industrial, scientific, and medical (ISM) radio bands 
class. While both of these designs target a signal band, other designs, including the antenna that 
will be utilized for receiving ambient RF energy in this research, target two separate frequency 
bands. The dual-band design in [5] targets frequencies of 2.1GHz as well as 2.45GHz. The 
2.1GHz band is the UMTS-2100 band, where UMTS stands for Universal Mobile 
Telecommunications System, and is used commonly worldwide for mobile communication, 
though not in North America. A frequency of 2.45GHz falls in the Wi-Fi band.   
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In order to maximize energy transfer from the receiving antenna to the processing 
circuitry, the input impedance of the circuit must match the characteristic impedance of the 
antenna. Impedance matching can be accomplished by means of a stub-matching network. The 
design in [3] utilizes a pi-matching network, designed using the lumped elements model, to 
match the antenna impedance of 377Ω to the impedance seen at the input of the rectifier (63-
j117Ω). Impedance matching in [4] is accomplished with the use of a multi-stub network 
optimized to achieve high power conversion at both 2.1GHz and 2.45GHz.  
In general, the design of the processing circuitry will only depend on the resonant 
frequency, or frequencies, of the antenna and will not be dependent on the specific antenna 
technology. While many methods and circuit topologies exist for rectification, one very common 
method is the use of the voltage doubler circuit. The circuit topology in [3] implements a 7-stage 
voltage doubler, which not only rectifies the input RF signal, but also boosts this voltage to a 
higher DC level. The RF energy harvesting circuit in [4] simply implements a single stage 
voltage doubler for signal rectification. Research conducted in [5] analyzes the effects of 
increasing the number of voltage doubler stages from 1-9, with results showing that increasing 
the number of stages increases the efficiency of the circuit, while also shifting the peak of the 
efficiency towards higher input power and increasing power losses for low input powers. The 
effects of increasing the number of voltage doubler stages is also examined in [6] with the IC 
design of circuits ranging from 1-6 stages, as well as 20 and 40-stage voltage doubler circuits. 
Results show that increasing the number of stages increases the gain of the circuit, with p-type 
diodes performing better than n-type diodes. [6]   
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3. THEORY 
3.1 High-Level Design 
The high-level design flow for a basic RF energy harvesting circuit is show in figure 1. 
This specific design flow is for the purpose of charging a Lithium-Ion battery, but these steps are 
still necessary for utilizing RF energy harvesting to feed a low-power device. The design in this 
research focuses on the processing circuitry, which includes filtering, rectification, switch mode 
power conversion, and charging of a Lithium-Ion battery.  
 
Figure 1. High Level Design Flow 
3.2  Antenna and Matching Network 
 The first stage in an RF energy harvesting circuit is a receiving antenna with the ability to 
capture ambient RF signals. While this work does not involve the design of an antenna, the basic 
characteristics of antennas will be discussed, as the performance of the antenna will have an 
impact on the design and selection of components for the processing circuitry. In the most basic 
sense, a receiving antenna converts an electromagnetic wave propagating in free space into an 
RF signal propagating on a transmission line. A majority of antennas exhibit a property known as 
reciprocity, which means the antenna will have the same radiation pattern for transmission and 
reception. The can aid in the design process, as one method of design may be significantly easier 
than the other when designing the antenna to achieve certain specifications. An antenna is 
characterized by two properties: polarization and impedance. Antenna polarization refers to the 
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directional radiation pattern, or the distribution of power radiated (or received) by the antenna, 
along with the polarization state of the radiated wave, which refers to the orientation of the 
electromagnetic waves being transmitted (or received) by the antenna. Antenna impedance, for a 
receiving antenna, relates to the power transfer from the antenna to a load. The type of antenna 
that is ultimately selected is heavily dependent on the desired frequency or frequencies being 
targeted as well as the desired application. Microstrip patch antennas are frequently used for 
wireless applications, as designers capitalize on their low-profile nature, low production cost, 
and versatility. This type of antenna can simply be printed on a two-sided board, with the 
radiating patch on one side, and a ground plan on the other. The shape of the radiating patch is 
dependent on the desired radiation characteristics of the antenna and can take any number of 
shapes. [14,18] 
 The interface between an antenna and the load, which is the processing circuitry in this 
case, is generally accomplished by means of a transmission line with a matching network that 
seeks to match the impedance of the transmission line to the impedance of the load. An 
impedance matching network is necessary to maximize energy transfer from one stage to the 
next, and can also provide filtering by means of a low pass or bandpass response depending on 
the selected topology. Matching is achieved when the characteristic impedance of the line equals 
the impedance of the load, and no reflected waves will travel along the transmission line. 
Common methods of impedance matching for RF energy harvesting include lumped-element 
matching and multi-stub matching. Lumped-element matching simply consists of a single 
lumped element placed in parallel with the transmission line a specified distance from the load. 
This element is either a capacitor or inductor depending on the load characteristics.  Multi-stub 
matching is very similar, with the exception that multiple stubs are used to achieve circuit 
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matching, as this increases the bandwidth at which the impedance matching can be achieved. 
[14] 
3.3    Signal Filtering 
 The first stage of the processing circuitry is a signal filtering stage. While not all energy 
harvesting circuit topologies incorporate a filter, this research will focus on development of 
circuit using a bandpass filter. Signal filtering can be either accomplished by means of a 
bandpass filter that passes the targeted frequency band or simply a low pass filter that eliminates 
high frequency signals that cannot be handled by the nonlinear components of the rectifying 
circuitry. A bandpass filter allows signals at a specific range of frequencies to pass, while 
attenuating all signals at frequencies not in this specified range. A low pass filter attenuates all 
signals at frequencies above a specified value, while allowing all signals at frequencies below 
this value to pass. In the case of a bandpass filter, it may be necessary to design a separate filter 
for each resonant frequency of the antenna, or simply one filter with a broad enough passband to 
encompass the entire range of targeted frequencies.  
In addition to selecting between a bandpass filter and a low pass filter, the designer must 
make a selection between active and passive filtering. Active filters make use of operational 
amplifiers along with passive components such as resistors, capacitors, and inductors to achieve 
the desired filtering characteristics, while passive filters simply make use of resistors, capacitors, 
and inductors to achieve the desired filtering characteristics. As operational amplifiers require 
reference voltages to operate, which will not be available in an energy harvesting application, 
passive filters are a more practical method for accomplishing the desired signal filtering. 
Furthermore, it is desirable to avoid the use of resistive components, as they will result in 
unwanted power loss.  
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 The T-section bandpass filter was selected for the design outlined in this paper as a result 
of its passive filtering as well as its high-impedance input, which helps preserve the input 
voltage. Voltage is the signal of interest for this design, as the input voltage must be boosted to 
provide for constant-voltage charging of a Lithium-Ion battery. A schematic of the T-section 
bandpass filter is shown in figure 2. The following equations give the corresponding capacitor 
and inductor values necessary to achieve the desired bandpass response: 
 
L1 =
Z0
π *( fH − fL )  (1)
 
 
L2 =
Z0 ( fH − fL )
(4*π * fH * fL )  (2)
 
 
C1 =
( fH − fL )
(4*π * fH * fL *Z0 )  (3)
 
  
C2 =
1
(π *Z0 *( fH − fL ))  (4)
 
where Z0 is the characteristic impedance of the circuit, fL is the lower cutoff frequency, and fH is 
the upper cutoff frequency. The characteristic impedance of the circuit is determined by the 
designer, and must be selected early on in the design process. The characteristic impedance of a 
circuit is outlined in more detail in section 3.5. [7] 
 
Figure 2. T-Section Bandpass Filter 
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3.4    Signal Rectification 
 The output signal from the filtering stage will be a low-voltage RF signal. This RF signal 
must be converted to a DC voltage in order to produce a useable DC power. A rectifier is an 
electrical circuit with the ability to convert an AC signal to a DC signal.  In many cases, the term 
rectenna is used to describe a circuit that combines an antenna and a rectifier. Signal rectification 
exists in many forms including: single-phase vs. three-phase, controlled (synchronous) vs. 
uncontrolled, and full wave vs. half-wave. For RF applications, only single-phase rectification is 
necessary. Since there is no external power available for synchronous rectification, and it is not 
practical to utilize any of the captured power for synchronous rectification, an uncontrolled form 
of rectification is generally utilized. Full-wave vs. half-wave rectification is a decision that can 
be made by the designer based on losses, expected input voltage, and desired output voltage. [8] 
 One common method of signal rectification utilized in RF energy harvesting is the 
voltage doubler circuit, as this circuit not only rectifies, but also amplifies, the voltage applied to 
its input. The basic voltage doubler circuit topology is shown in figure 3. During the negative 
cycle of the input waveform, capacitor C1 is charged through forward-biased diode D1 to the 
peak value of the input voltage. During the positive cycle of the input waveform, capacitor C2 is 
charged through forward-biased diode D2. Additionally, diode D1 is reverse biased during this 
cycle, allowing capacitor C1 to discharge through the forward-biased diode, D2, thus resulting in 
a voltage at C2 equal to the sum of the magnitudes of the negative peak voltage and positive peak 
voltage. Assuming the input waveform is symmetric and the circuit is lossless, the output voltage 
will simply be a DC voltage equal to twice the peak input voltage. This configuration can be 
expanded by cascading additional stages to produce a higher gain if necessary. A voltage 
quadrupler circuit, or simply two cascaded voltage doubler circuits, is shown in figure 4. [8]  
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Figure 3. Voltage Doubler Circuit [8] 
 
Figure 4. Voltage Quadrupler Circuit [8] 
3.5    PCB Design Considerations 
 Design of a printed circuit board suitable for carrying RF signals presents a unique 
challenge. Impedance matching between the driver, transmission, and the receiver is of critical 
importance with RF designs. In the case of an RF energy harvesting circuit, the matching 
network detailed previously seeks to achieve impedance matching between the antenna and the 
circuitry based on the specific target frequency. By matching the input impedance of the circuit 
to the characteristic impedance of the antenna, power transfer can theoretically be maximized. 
Unfortunately, design of a matching network requires knowledge of the input impedance of the 
processing circuitry, which cannot be measured for the design outlined in this work. As such, the 
RF energy harvester outlined in this thesis does not utilize a matching network.  
In addition to the matching network, the characteristic impedance of the copper traces, 
which is determined based on the board thickness, copper thickness, substrate permittivity, and 
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trace width, must be utilized for design purposes as well. This results from the fact that, at high 
frequencies, each trace must be treated as a transmission line. The desired PCB substrate must be 
selected early on in the design process to allow for proper board design. The following equation 
can be used to calculate the characteristic impedance of a microstrip transmission line: 
	  
Zmicrostrip =
Z0
2π 2(1+εr )
ln 1+ 4h
ωeff
14+ 8
εr
11
4h
ωeff
+
14+ 8
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11
4h
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   (5)
	  
where Zmicrostrip is the characteristic impedance of the microstrip transmission line, Z0 is the 
impedance of free space, εr is the relative permittivity of free space, h is the thickness of the 
substrate, and ωeff is calculated as follows: 
	  
ωeff = w+ t
1+ 1
εr
2π ln
4e
t
h
!
"
#
$
%
&
2
+
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   (6)
	  
where w is the trace width, h is the thickness of the substrate, and t is the thickness of the 
metallization. [9] Making use of the aforementioned equations, the designer can select a desired 
characteristic impedance, which, used in conjunction with the substrate specifications, can 
calculate the necessary trace width to achieve this impedance. Alternatively, the designer can 
select a desired trace width based on component size or parasitic inductance calculations, and use 
this value along with the substrate specifications to calculate the characteristic impedance of the 
microstrip transmission line, which can then be utilized in the design of the antenna and filtering 
circuitry. [10] 
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Parasitic inductance resulting from copper traces is another element the designer must be 
mindful of when performing the PCB layout. Conductors by nature are inductive components, 
and the reactance resulting from these inductors increases as the frequency of the signal 
increases. A common equation used to calculate the approximate inductance of a microstrip is 
given as: 
 
Lmicrostrip = 0.0002*L ln
2*L
W +H
!
"
#
$
%
&+ 0.2235* W +HL
!
"
#
$
%
&+ 0.5
'
(
)
*
+
,µH
 (7)
 
where L is the length of the microstrip, W is the width, and H is the height. While this is simply 
an approximation, it gives insight into the best methods for reducing parasitic inductance on a 
PCB. The primary method for reducing parasitic inductance is to decrease the length of traces as 
much as possible, which requires meticulous placement of components. Once the trace length 
has been minimized, the trace width can be increased to further reduce parasitics. Unfortunately, 
increasing trace width will also change the characteristic impedance of the microstrip, and thus 
would result in additional changes to the design. The return path provided for the current in the 
circuit is also important. Advantages of introducing a ground plane for the circuit are two-fold: 
(1) decreasing mutual inductance by reducing the size of the current loop and (2) minimizing 
return losses caused by signal reflection. [9,10,11] 
3.6    Component Selection Considerations 
As with any PCB design, component selection for an RF design is imperative for the 
circuit to perform properly. However, there are many additional specifications that must be 
considered when designing for a high frequency, low voltage design. One important 
characteristic of capacitors and inductors that may be overlooked is the self-resonant frequency 
of the component. A non-ideal capacitor can be modeled as a capacitor with a parasitic 
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inductance and resistance. The self-resonant frequency of the capacitor refers to the frequency at 
which the parasitic inductive component of the capacitor completely cancels out the capacitance. 
At this point, the capacitor simply acts as a resistor, with a value equal to the parasitic resistance 
of the component, and, for frequencies greater than this, the capacitor will act as an inductor. The 
self-resonant frequency of an inductor, whose non-ideal model includes an inductor along with a 
parasitic capacitance and resistance, is simply the point at which the capacitive component of the 
inductor completely cancels out the inductance. As is evident, this can have serious implications 
on the operation of the circuit. When selecting an inductor or capacitor for a high-frequency 
application, it is crucial to select a component with a self-resonant frequency that is higher than 
the operating frequency of the circuit. The self-resonant frequency of a capacitor or inductor can 
be calculated as follows: 
 
fSRF =
1
2π LC Hz  (8)
 
Analyzing the equation, it is evident that small capacitor or inductor values will result in higher 
series resonant frequencies. It must also be noted that the SRF of an inductor or capacitor is 
dependent on additional factors including the circuit board substrate, and the size and layout of 
nearby conductor traces, which greatly complicates selection of components for RF designs. [12]  
 In addition to SRF, the designer must consider the quality factor, or Q factor, of inductors 
subjected to a high-frequency signal. The Q factor of an inductor is defined as the reactance of 
the component divided by its resistance. From this relationship, it is evident that, at a fixed 
frequency, a low resistance, and thus lower losses, will result in a larger Q value. As such, high 
Q factor values are desirable, as this corresponds to an inductor with lower power losses. 
Although the reactance of the inductor increases with frequency, so too does the parasitic 
resistance of the inductor. As the operating frequency of the circuit increases, a phenomena 
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known as the skin effect becomes increasingly strong. The skin effect refers to a property in 
which the AC current tends to flow through the outer areas of a conductor as opposed to flowing 
through the center, thus reducing the effective cross-sectional area of the conductor. The reduced 
cross-sectional area results in a larger resistance. At increasing frequencies, the magnitude of the 
increased parasitic resistance outweighs the increase in reactance of the component, resulting in a 
diminishing Q value. Additional losses that contribute to a reduced Q-factor include eddy current 
and hysteresis losses in the core of the inductor. [13] 
    
4. DESIGN 
4.1    Design Overview 
The system design block diagram in figure 5 shows the basic design flow with each stage 
necessary to go from ambient RF energy to charging a Lithium-Ion battery. While design of the 
antenna and matching networks are not the objective of this research, the characteristics of each 
component will be outlined, as they have an impact on the design of the processing circuitry. 
Due to the stringent charging characteristics of Lithium-Ion batteries, the charging voltage of the 
battery is a crucial design parameter for the system. A battery with a charging voltage of 3.2V 
was selected for this design. Furthermore, the size of the design was restricted to the size of a 
deck of cards, which has dimensions of 64mm by 89mm.     
 
Figure 5. Systems Design Block Diagram 
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4.2  Antenna Design 
The antenna being used to test the processing circuitry addressed in this paper was 
designed to target two separate frequency bands: the 2.4GHz Wi-Fi band, which includes 
frequencies in the range of 2.41GHz-2.46GHz, and the 5GHz Wi-Fi band, which includes 
frequencies in the range of 5.18GHz-5.82GHz. The design was performed with an emphasis on 
channel 6 of the 2.4GHz Wi-Fi band (2.426-2.448GHz), as this is the default channel on a 
majority of Wi-Fi routers. [7,8] A parasitic-array microstrip antenna design was selected for the 
application in order to take advantage of the inherent low profile characteristics of the microstrip 
antenna as well as the multiband behavior of parasitic-array antennas. [15]  
The performance characteristics of the antenna are shown in Table 1. Simulations reveal 
that the antenna is operational in both the 2.4 GHz and 5 GHz Wi-Fi bands, making it a viable 
design to be used in conjugation with the processing circuitry presented in this work. 
Table 1. Antenna Performance Characteristics 
 Operational Frequencies 
(GHz) 
Center Frequency 
(GHz) 
Bandwidth 
(MHz/%) 
2.4 GHz Band 2.433-2.453 2.442 20/0.8 
5 GHz Band 5.585-5.637 5.612 52/0.9 
4.3 Matching Network Design 	   Design of a matching network requires knowledge of the input impedance of the 
processing circuitry in order to properly match the impedance of the antenna. As such, the 
matching network could not be included in this design, as the input impedance of the processing 
circuitry must be measured experimentally.  
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4.4 Bandpass Filter Design 
T-shaped bandpass filters, as outlined in section 3.3, were selected for the filtering stage 
to capitalize on their high-input impedance, which aids in preserving the input voltage of the 
circuit. With a target output of 3.2V and an expected input in the tens to hundreds of millivolts 
range, it is crucial that the voltage signal be maintained, while also being mindful of the current 
being drawn by the load. The purpose of each bandpass filter (one for each Wi-Fi band) is two-
fold: (1) to pass the frequency band whose power transfer is being maximized by the 
corresponding matching network and (2) to filter out high-frequency components that will result 
in undesirable harmonics caused by the nonlinear behavior of the diodes used in signal 
rectification. This second consideration is especially important, as the harmonics caused by the 
diodes result in harmonic reradiation as well as electromagnetic (EM) interference with 
neighboring circuitry. This combination of behaviors results in reduced efficiency of an energy 
harvesting process that is already inherently inefficient. [18] 
Design of the bandpass filters was conducted using the equations outlined in section 3.4. 
The 2.4GHz Wi-Fi bandpass filter was designed to target frequencies in the band from 2.2GHz 
to 2.7GHz and the 5GHz Wi-Fi bandpass filter was designed to target frequencies in the band 
from 4.9GHz to 6.1GHz. Each filter encompasses its corresponding Wi-Fi band, with some 
tolerance above and below each band. The enlarged bands will allow for component tolerances 
as well as trace parasitics, as any small deviations in component values may significantly alter 
the characteristics of the bandpass filters. Furthermore, any residual power captured at 
frequencies above and below these bands by the antenna will contribute to the output of the 
energy harvester. Additionally, design of the filters was dependent on the characteristic 
impedance of the circuit, which is determined by board thickness, copper thickness, substrate 
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permittivity, and trace width. Design of the antenna was conducted based on the specifications of 
Rogers TMM4 substrate. [19] For circuit continuity, the same substrate was selected for design 
of the processing circuitry. Balancing the desire to maximize trace width, while also considering 
trace size constraints resulting from the need for small capacitors and inductors with suitable 
SRFs, a characteristic impedance of 75Ω was selected. Utilizing the equations outlined in section 
3.5, this results in a trace width of 50mils. Simulation results from the bandpass filters along with 
the voltage doubler circuits are outlined in section 4.6.  
4.5  Voltage Doubler Circuit Design 
 Following the signal filtering stage, the RF signals must be rectified. A voltage doubler 
circuit configuration was selected to capitalize on its ability to both rectify and amplify an AC 
signal. Amplification of the signal is necessary to provide for a sufficient input voltage for the 
switch-mode power conversion stage with varying levels of input power. While cascading 
multiple voltage doubler circuits can, potentially, increase the overall gain of the circuit, there is 
a practical limitation on the number of stages that should be implemented. This limitation results 
from power losses due to diode forward voltage drops. Although the desired output voltage could 
theoretically be obtained from an increased number of stages, use of an ultra low-power boost 
converter to achieve the majority of the gain offered a more practical solution, as it will offer 
additional functionality including control of the output voltage as well as battery management. 
The boost converter stage will be discussed in greater detail in section 4.7.  
 Performance of the voltage doubler circuit with low input voltages is heavily dependent 
on the forward voltage of the diodes. As such, diodes were selected prior to designing the final 
rectifier. Furthermore, the final steering diode that feeds the boost converter and the output load 
impedance, as shown in the block diagram in figure 5, will also have an effect on the output 
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voltage of the rectification stage and must be considered in the design process. A microwave 
shottky detector diode from Avago technologies was selected for its low forward voltage as well 
as its ability to perform at radio frequencies up to 5.8GHz. The specifications give a forward 
voltage of 250-350mV with a test current of 1.0mA. [20] However, with an expected input 
current in the micro amp range, the forward voltage will likely be in the 100mV range. The boost 
converter selected from TI, which will be described in greater detail in section 4.7, requires a 
cold-start voltage of approximately 330mV. [16] Both of these component specifications proved 
to be important when performing the voltage doubler design.  
 Utilizing the given diode and boost converter specifications, a two-stage voltage doubler 
circuit was selected. The number of stages selected, two, aims to maximize the chance of 
achieving the required input voltage for the boost converter while also minimizing losses in the 
rectification stage. Although the steering diode that joins the outputs of the two rectifiers will 
result in additional losses that would not be present with a signal frequency band design, the 
dual-band design aims to increase the reliability of the design. The power received from each 
band will vary as the ambient RF energy available varies, meaning that a multiband design will 
have a higher likelihood of having power available at all times. In essence, the dual band design 
aims to reduce the effects of fluctuations in input power, which is an issue inherent to all energy 
harvesting designs. 
   As there are no specific design equations pertaining to the calculation of capacitance 
values for voltage doubler circuits, design was completed through PSpice simulation of the 
circuits. The main design objectives being met were to reduce the output ripple to an acceptable 
level, while avoiding an excessive output capacitance that would hamper the time-response of 
the system, as well as generating a DC voltage that is large enough to activate the boost 
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converter. Once a viable design solution was obtained, the circuit was again tested with available 
component values. This proved difficult, as selecting capacitors with a high enough series 
resonant frequency meant reducing the capacitance of the voltage doubler components. As such, 
the final design contains small capacitance values for any capacitor value exposed to RF signals. 
The final output capacitor is large in order to smooth the output voltage. This stage was then 
tested with the filter stage along with an output resistance modeling the boost converter in order 
to test the gain of the circuit at various input voltages and frequencies. Simulation results are 
discussed in the following section.   
4.6  Bandpass Filter and Voltage Doubler Simulations 
  The PSpice schematic used to simulate the bandpass filters along with the voltage 
doubler circuits is displayed in figure 6. For testing purposes, a 300Ω resistor was placed at the 
output to model the approximate resistance of the boost converter, which will be outlined in 
section 4.7. The circuit in the figure was tested with a both 700mV, 2.4GHz signal as well as a 
700mV, 5.5GHz signal in order to test the filtering performance of both bandpass filters in 
addition to the the performance of the voltage doublers.  
 
Figure 6. Bandpass Filter and Voltage Doubler Test Circuit Schematic 
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The primary simulation results of interest for the bandpass filters are the bode plots of 
each filter, which were generated by performing an AC sweep of frequency values from 1GHz to 
9GHz. The bode plots for each bandpass filter are shown in figure 7. The plots show that the 
2.4GHz Wi-Fi filter and 5GHz Wi-Fi filter effectively attenuate the undesired frequencies. The 
passband of the 2.4GHz Wi-Fi filter encompasses frequencies from approximately 2.2GHz to 
3GHz and the passband of the 5GHz Wi-Fi filter encompasses frequencies from approximately 
4.85GHz to 6.25GHz. The bandwidth of each filter slightly exceeds the design specifications, 
which is acceptable, as a larger band will allow for greater component tolerances. Applying the 
2.4GHz and 5.5GHz AC signals achieved the purpose of verifying that the undesired frequencies 
were attenuated and the target frequencies passed through the filters. The fast Fourier transforms 
of the output voltages from each filer are shown in figure 8. The plots reveal that each filter 
successfully attenuated the unwanted signal, while allowing the targeted signal to pass. This is 
also illustrated in figure 9, which shows the output voltages of each filter. Unfortunately, at the 
two input frequencies tested, both bandpass filters exhibit a slight attenuation of the input 
signals, resulting in a lower peak-to-peak voltage when compared to the input. Locating the 2.4 
GHz and 5.5 GHz frequency responses on the bode plots verifies this result, as the plot shows a 
dB gain of slightly below 0dB, which would indicate a slight attenuation of signals at these 
frequencies.  
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Figure 7. Bandpass Filter Bode Plots (green-2.4GHz filter, red-5GHz filter) 	  
 
Figure 8. FFT of Bandpass Filter Outputs (green-2.4GHz filter, red-5GHz filter) 	  
 
Figure 9. Bandpass Filter Output Voltages (green-2.4GHz filter, red-5GHz filter) 
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  The performance of the voltage doubler circuits was based on the final output of each 
voltage doubler as well as the final output of the circuit, measured across the output test resistor, 
which models the approximate resistance of the final switch-mode power conversion stage. The 
DC output voltages from the voltage doubler circuits can be seen in figure 10. Both rectifiers 
achieved output voltages near 550mV, with the 2.4 GHz circuit having a slightly higher output. 
The final voltage achieved across the output test resistor, after the signal had passed through the 
steering diodes, was approximately 325mV, with a current of 5mA (current waveforms not 
shown in figure). Although this voltage is nearly sufficient for a cold-start of the boost converter 
(330mV required), it is likely that the output current of the circuit will be much lower than the 
value achieved through simulation as a result of the added resistance from components and 
traces. A lower current value will result in a significant decrease in the diode forward voltages, 
and thus an increase in output voltage from the voltage doubler rectifiers.  
 
Figure 10. Voltage Doubler Output Voltages (green-2.4GHz, blue-5GHz, red-output) 
 
4.7  Switch Mode Power Conversion 
The final stage of the circuit is switch mode power conversion, which refers to DC-to-DC 
conversion of the voltage. In order to achieve the required output voltage for battery charging, a 
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boost converter is utilized to increase the voltage level. While it is possible to design a boost 
converter by means of discrete components, this presents a very difficult task due the limited 
input power as well as the challenges associated with utilizing a portion of this power for the 
controller. As such, a commercially available ultra low power boost converter IC from TI was 
selected. This booster converter, the bq25504, is ideal for power harvesting applications due to 
its low turn on voltage, high conversion efficiency, and power management. Additional 
functionality allows for regulation of the output voltage by means of user programmable 
undervoltage and overvoltage as well as an energy storage connection that allows for charging of 
a battery or capacitor. The boost converter has a cold-start voltage of 330mV, and, once started, 
can operate at input voltages as low as 80mV, making it ideal for low power applications. The 
boost converter schematic for a typical application low impedance application can be seen in 
figure 11. Manipulation of the ROC values allows for maximum power point management, which 
is not utilized for this design. Manipulation of the ROK, RUV, and ROV values allow for 
management of the battery voltage. [16] 
The battery undervoltage protection, which prevents the battery from being deeply 
discharged, can be calculated as follows: 
 VBAT _UV =VBIAS 1+
RUV 2
RUV1
!
"
#
$
%
&  (9) 
The battery overvoltage protection, which prevents the battery from being exposed to charging 
voltages that exceed the charging specifications, can be calculated as follows: 
 VBAT _OV =
3
2VBIAS 1+
ROV 2
ROV1
!
"
#
$
%
&  (10) 
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In both equation (9) and (10), VBIAS is the standard charging voltage for the battery and the 
resistor values can be manipulated to achieve desired battery undervoltage and overvoltage 
thresholds. The sum of the two resistors in each equation should be limited to 10MΩ.  
 The designer may also set acceptable voltage levels for the storage voltage, which is in 
turn connected to the battery when the direct output, which will not be used in this design, is not 
drawing power. For a decreasing battery voltage, the threshold can be calculated by: 
 VBAT _OK _PROG =VBIAS 1+
ROK 2
ROK1
!
"
#
$
%
&  (11) 
The value for VBAT_OK_PROG must be greater than the value selected for the battery undervoltage 
threshold. For an increasing battery voltage, the threshold can by calculate by: 
 VBAT _OK _HYST =VBIAS 1+
ROK 2 + ROK3
ROK1
!
"
#
$
%
&  (12) 
The value for VBAT_OK_HYST must be less than the value selected for the battery overvoltage 
threshold. The sum of all three resistors should be limited to 10MΩ.  [16]  
 
Figure 11. bq25504 Ultra Low-Power Boost Converter Solar Cell Application [16] 
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4.8  Complete Processing Circuitry Design 
  The complete processing circuitry design schematic is shown in figure 12. This circuit 
contains two bandpass filters (one designed to target 2.4GHz Wi-Fi band and one to target the 
5GHz Wi-Fi band), two two-stage voltage doubler circuits (one for each Wi-Fi band), steering 
diodes to direct the output voltages from the voltage doubler circuits to the input of the final stage, 
and the final boost converter circuit, which is used to achieve the desired output votlage of 3.2V 
to charge a Lithium-Ion battery.  
	  
Figure 12. Processing Circuitry Schematic 
4.9  Printed Circuit Board Design 
The printed circuit board design was performed using Allegro PCB Editor. As mentioned 
previously, many specific considerations must be taken into account when designing a PCB for 
high-frequency signals. Layout of the bandpass filters is especially crucial for the success of the 
circuit, as any additional parasitic inductance introduced by the traces has the potential of 
altering the bandpass characteristics of the filter. This issue was addressed by placing the 
components as close as possible to reduce trace length, which also aids in reducing the size of the 
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board. An additional measure taken to reduce parasitic inductance was to introduce a ground 
plane, which was selected to be the entire bottom layer of the PCB. The ground plane, as 
mentioned previously, reduces the size of the current loop by providing for a direct path to 
ground from any point on the board, which reduces mutual inductance. Providing for direct 
connections to the ground plane also minimizes return losses caused by signal reflection, which 
will improve circuit performance. [9,10,11] Furthermore, the trace width of each trace carrying 
an RF signal was carefully selected to maintain the desired characteristic frequency of the circuit. 
Utilizing the specifications of the Rogers TMM4 substrate, a characteristic frequency of 75Ω 
was selected to produce of trace width of 50 mils. Any trace carrying an RF signal was designed 
to be 50 mils wide. The final PCB design is shown in figure 13. The antenna, which can be seen 
at the top of the figure, is connected to the input of the processing circuitry from the direct-fed 
element of the antenna. The preliminary design does not contain a matching network, as this 
requires knowledge of the input impedance of the circuit, which can only be measured 
experimentally. The board dimensions are 89 mm x 57.5 mm.  
 
Figure 13. PCB Layout 
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5. ASSEMBLY AND TESTING 
5.1  Board Assembly 
 With the size and quantity of small surface mount devices, all soldering was done with 
the use of water-soluble soldering paste and a heat gun. The only exception was the bq25504 
Ultra Low-Power Boost Converter, which was soldered by tinning the pads on the board as well 
as the quad flat no-lead (qfn) package, and then heating up the solder with the soldering iron 
until a connection was made. Finally, a 470uF capacitor was connected to the output of the 
circuit for testing purposes. A capacitor was selected for testing instead of a Lithium-Ion battery 
for safety reasons, as improper charging of a Lithium-Ion battery can result in explosion. It is 
important to note that a capacitance of 470µF is considerably lower than the capacitance of a 
Lithium-Ion battery. However, charging of any size capacitor is sufficient to verify proof-of-
concept, which is the primary purpose of this research. The completed board can be seen in 
figure 14.  
 
Figure 14. RF Energy Harvesting Circuit PCB 
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5.2 Full Circuit Testing   
 As discussed in the previous section, the circuit was tested with a 470µF capacitor 
attached to the output. The board was then placed in an environment where ambient 2.4GHz Wi-
Fi signals were present. At time zero, the capacitor was completely discharged by placing a 
100Ω resistor in parallel with the output capacitor. Measurements were taken over the course of 
70 hours and the results were plotted to determine the performance of the design. These results 
can be seen in section 6.1.  
 
6. RESULTS 
6.1 Full Circuit Testing Results 
Results of placing the RF energy harvester in an environment with ambient 2.4 GHz Wi-
Fi signals and allowing the capacitor to charge over the course of 70 hours are shown in figure 
16. Testing reveals that the capacitor reaches saturation at approximately 50mV after 
approximately 50 hours of charging.   
 
Figure 15. RF Energy Harvester Capacitor Charging Curve 
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6.1 Discussion of Results 
The data in figure 15 is indicative of an exponential recovery function, which is the 
expected charging characteristic of a capacitor. These results demonstrate proof-of-concept of 
the RF energy harvester, as well as validating the ability of the processing circuitry to rectify the 
received RF signal. However, these results suggest that the boost converter may not be operating 
as expected. The boost converter was designed to output a voltage of approximately 3.2V, which 
is much higher than the actual voltage measured across the capacitor. A possible reason that the 
boost converter is not generating the desired output is that the cold-start voltage of the converter 
is 330mV, and the RF energy harvester is likely not achieving this threshold due to a 
combination of the following: insufficient power received by the antenna, poor power transfer 
from the antenna to the processing circuitry, and power losses in the processing circuitry.  
However, the input voltage seen by the boost converter is very difficult to test, and has proven to 
be a futile task. Once the 330mV threshold has been met and the boost converter has progressed 
past the cold-start phase, the device has the ability to operate with input voltages as low as 
80mV. Unfortunately, since the input energy being received from the antenna is variable over 
time, even if the threshold is met, the RF energy harvester would need to maintain a voltage level 
at the input of the boost converter of at least 80mV to prevent the need for another cold-start.  
An additional issue that may be limiting the maximum output voltage achieved by circuit 
is the use of an electrolytic capacitor for testing. The leakage current of the capacitor can have a 
significant negative impact on the output voltage in a low power application like the one 
presented here. If the output current drops to a level equal to the leakage current of the capacitor, 
then the capacitor will no longer accumulate charge.  
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With all of the aforementioned issues, many design improvements are necessary to make 
the processing circuitry a viable solution for processing RF signals received from an antenna for 
the purpose of charging a Lithium-Ion battery.   
 
7. CONCLUSIONS 
In this work, the processing circuitry for a proof-of-concept RF energy harvester was 
designed and tested. Chapter 1 established the approach and motivation for RF energy harvesting 
and emphasized the need for wireless power solutions for low power applications. Chapter 2 
outlined existing RF energy harvester designs, including commonly targeted RF frequencies as 
well as common topologies used for filtering and rectification of the RF signal. Chapter 3 
developed the theory necessary to design the processing circuitry, including analysis of each 
stage in the processing circuitry as well as important principals of RF design. The actual design 
presented in this work was presented in Chapter 4, and the assembly and testing of the PCB was 
discussed in Chapter 5.  
Results of placing the RF energy harvester in an environment with ambient RF signals 
from 2.4 GHz Wi-Fi routers verify that the harvester has the ability to harvest ambient RF energy 
and can process this signal to charge a capacitor. However, the processing circuitry did not have 
the ability to achieve a 3.2V output, as would be required to safely and effectively charge a 
Lithium-Ion battery. In order to make this processing circuitry a feasible solution for charging a 
Lithium-Ion battery, the following potential modifications to the design are suggested: improved 
impedance matching between the antenna and the processing circuitry, refined RF circuit design 
to minimize losses and reduce the negative effects of trace parasitics, and the targeting of a 
signal RF band instead of two separate RF bands. The first suggestion, improved impedance 
University of Arkansas Department of Electrical Engineering 32	  
matching, can be accomplished by means of a matching network, which was excluded from this 
preliminary design, as knowledge of the input impedance of the processing circuitry could not be 
obtained from simulation. Addition of a matching network would, theoretically, maximize power 
transfer between the antenna and the processing circuitry and improve the overall performance of 
the design. The second suggestion, refined RF circuit design, refers to the need to reduce trace 
lengths to avoid the effects of unwanted parasitic inductances contributed by the copper traces of 
the PCB. Although minimizing trace length was incorporated in the design presented in this 
work, some space was left between the components to ensure that they could be hand-soldered. 
Further minimizing trace length will improve the performance of the bandpass filters as well as 
reducing resistive losses. The final suggestion, targeting a single RF band instead of two, results 
from the need to maximize the input voltage to the boost converter. With the targeting of two 
separate bands, steering diodes had to be used to direct the final output of the voltage doublers 
into the boost converter, which contributed additional losses that would not be present in single-
band design. Alternatively, a single filtering stage could be designed to process all received 
frequencies, which would also eliminate the need for steering diodes, as well as eliminating the 
needed for two separate filters and two separate rectifiers.   
 With the increased need for wireless solutions for low-power applications, both in 
commercial and industrial settings, research in RF energy harvesting will continue to grow. 
However, with the difficulties associated with receiving and processing ambient RF energy, both 
of which were encountered with the design presented in this work, significant advancements in 
component manufacturing and circuit design are necessary to make RF energy harvesting a 
viable solution for low power applications.  
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